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Magnetic ﬂux circulation in the rotationally driven
giant magnetospheres
P. A. Delamere1 , A. Otto1 , X. Ma 1 , F. Bagenal2 , and R. J. Wilson2
1 Geophysical Institute, University of Alaska Fairbanks, Fairbanks, Alaska, USA, 2 Laboratory for Atmospheric and Space

Physics, University of Colorado, Boulder, Colorado, USA

Abstract The giant-planet magnetodiscs are shaped by the radial transport of plasma originating in the
inner magnetosphere. Magnetic ﬂux transport is a key aspect of the stretched magnetic ﬁeld conﬁguration
of the magnetodisc. While net mass transport is outward (ultimately lost to the solar wind), magnetic ﬂux
conservation requires a balanced two-way transport process. Magnetic reconnection is a critical aspect
of the balanced ﬂux transport. We present a comprehensive analysis of current sheet crossings in Saturn’s
magnetosphere using Cassini magnetometer data from 2004 to 2012 in an attempt to quantify the
circulation of magnetic ﬂux, emphasizing local time dependence. A key property of ﬂux transport is the
azimuthal bend forward or bend back of the magnetic ﬁeld. The bend back conﬁguration is an expected
property of the magnetodisc with net mass outﬂow, but the bend forward conﬁguration can be achieved
with the rapid inward motion of mostly empty ﬂux tubes following reconnection. We ﬁnd a strong local time
dependence for the bend forward cases, localized mostly in the postnoon sector, indicating that much of
the ﬂux-conserving reconnection occurs in the subsolar and dusk sector. We suggest that the reconnection
occur in a complex and patchy network of reconnection sites, supporting the idea that plasma can be lost
on small scales through a “drizzle”-like process. Auroral implications for the observed ﬂux circulation will also
be presented.

1. Introduction
The dynamics of the giant-planet magnetospheres are strongly inﬂuenced by planetary rotation. The moons
of Jupiter and Saturn, Io and Enceladus, respectively, feed plasma into rotating magnetodiscs composed
of equatorially conﬁned plasma, carrying currents that distort the magnetic ﬁeld into a disc-like structure (see reviews by Kivelson [2014] and Delamere et al. [2014]). The magnetodisc can be described with a
two-dimensional equilibrium model [e.g., Caudal, 1986; Achilleos et al., 2010; Chou and Cheng, 2010] where a
current sheet forms in the middle magnetosphere and a more dipolar ﬁeld forms in the outer magnetosphere
(hereafter deﬁned as the magnetic cushion). For suﬃciently long temporal averages, the mass produced by
the moons must be transported outward through the magnetodisc and lost to the solar wind. This requires
a radial transport mechanism for plasma mass and magnetic ﬂux that conserves planetary magnetic ﬂux. But
a detailed understanding of the transport physics has proved elusive. The purpose of this paper is to examine the Cassini magnetometer data from 2004 to 2012 and auroral images to describe the nature of outward
mass transport and magnetic ﬂux circulation in the giant magnetospheres.
Radial transport can be driven by four forces: (1) gravity, (2) centrifugal stresses, (3) internal plasma energy
density, and (4) magnetic tension (e.g., see discussion by Southwood and Kivelson [1987] and Mauk et al.
[2009]). Gravity can be ignored at the orbits of Enceladus and Io as the gravitational potential is small compared with the centrifugal potential. However, the centrifugal potential and the potential associated with
internal energy and magnetic tension compete. Centrifugal forces drive outward motion, while the internal
energy density (i.e., ﬂux tube entropy) counteracts this motion.
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In a low plasma 𝛽 environment (i.e., ratio of plasma pressure to magnetic pressure), the centrifugal interchange instability has been suggested as a mechanism that facilitates the radial interchange of ﬂux tubes
without changing the background magnetic ﬁeld [Gold, 1959]. This instability is akin to the gravitationally
driven Rayleigh-Taylor instability where a cold, dense plasma sits radially inward of a hot tenuous plasma and
with the outward centrifugal stress replacing gravity. If the mass content per unit magnetic ﬂux, 𝜂 = ∫ (𝜌∕B) ds
(with V = ∫ ds∕B deﬁned as the ﬂux tube volume per unit of magnetic ﬂux), decreases with radial distance
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(i.e., 𝜕𝜂∕𝜕L < 0, where L is the radial coordinate), then the plasma torus is centrifugally unstable. Also, the condition 𝜕(pV 𝛾 )∕𝜕L < 0 is unstable with respect to ballooning modes, but the inﬂuence of fast rotation on this
ballooning condition is unresolved [Schindler and Birn, 2004]. However, the ﬂux tube entropy, S = ∫ (p1∕𝛾 ∕B)ds,
increases with radial distance due to an ever increasing ﬂux tube volume and because the suprathermal tail
to the ion distribution dominates the plasma pressure in the middle and outer magnetosphere [Mauk et al.,
2004; Sergis et al., 2007, 2009]. In general, 𝜕(pV 𝛾 )∕𝜕L > 0 and the magnetodisc should be stable to centrifugal
interchange motion. Siscoe and Summers [1981] ﬁrst discussed the possibility of plasma torus impoundment
by “ring currents,” indicating that other such factors may be important in radial transport.
In a high plasma 𝛽 environment, the interchange motion will distort the magnetic ﬁeld and Southwood and
Kivelson [2001] and Kivelson and Southwood [2005] have argued that ballooning will replace interchange. At
both Jupiter and Saturn (coincidentally) the plasma 𝛽 reaches unity at L ∼ 12 [Mauk et al., 2004; Sergis et al.,
2007]. At Jupiter, 𝛽 ≫ 1 in the plasma sheet of the middle and outer magnetosphere. The ballooning mode
requires a pressure anisotropy with T∥ > T⟂ such that the parallel pressure exceeds the combined perpendicular plasma pressure and magnetic ﬁeld pressure. Kivelson and Southwood [2005] argued that at Jupiter,
ﬂux tubes rotating from noon to dusk are free to expand outward due to loss of conﬁnement by the magnetopause boundary. The bounce period of 10 s of keV ions (typical for Jupiter’s energetic ion population) is
comparable to the few hours of ﬂux tube motion from noon to dusk; therefore, the parallel motion is nonadiabatic and the particles tap the centrifugal potential to boost parallel energy where p∥ ≈ 𝜌u2∥ . Vogt et al.
[2014] demonstrated the development of this anisotropy (i.e., T∥ > T⟂ ) for an expanding ﬂux tube using a test
particle simulation but did not self-consistently evolve the ion distribution to account for possible isotropy
through pitch angle scattering.
When considering radial stress balance for Jupiter’s magnetodisc, Paranicas et al. [1991] examined Voyager
particle and magnetic ﬁeld data in the midnight sector and found that pressure anisotropy was indeed important in the stress balance. A similar study was conducted for Saturn by Kellett et al. [2011] showing that pressure
gradients are important in the middle and outer magnetosphere and that anisotropy is important in the inner
magnetosphere with p∥ < p⟂ due to ring beam-type distributions from pickup ions. In this case, ballooning
may not be important at the smaller, less energetic magnetosphere of Saturn.
Ultimately, magnetic reconnection must be involved in the transport and ﬂux circulation process. Vasyliunas
[1983] ﬁrst described the mass loss process to the magnetotail, involving a magnetic X-line and O-line in the
magnetotail region. The reconnection process is facilitated by centrifugal stretching of the magnetodisc into
the midnight sector until the current sheet collapses and reconnection operates, releasing a plasmoid down
the tail. Plasma on the planetward side of the X-line rotates back to the dayside and escapes down the dusk
ﬂank, completing the Vasyliunas cycle.
There is evidence that supports large-scale plasmoid release in the tail as expected in the Vasyliunas cycle.
The location of the X-line in the tail region has been veriﬁed [Woch et al., 2002; Vogt et al., 2010; Kasahara et al.,
2013; Jackman et al., 2014] (but angled sunward instead of tailward) and with evidence of plasmoid formation [Russell et al., 1999; Kronberg et al., 2005; Hill et al., 2008]. However, the frequency of plasmoid formation
is inconsistent with the required mass loss from the magnetosphere. Bagenal [2007] argued that much of the
plasma loss to the tail occurs via small-scale “drizzle” versus large-scale plasmoid formation. Thomsen et al.
[2014] also conﬁrmed that much of the mass loss at Saturn likely occurs on the dusk ﬂank through drizzle.
The question is, If large-scale plasmoids do not form with suﬃcient frequency in the tail, then where is reconnection operating and why does it elude detection? We will focus on ﬂux circulation at Saturn, identifying
regions in the magnetosphere at all local times where reconnection can operate. In this paper we examine
experimental evidence at Saturn and consider the consequences at both Saturn and Jupiter.

2. Magnetic Reconnection and Transport
As a basis for our discussion of transport, we will adopt the deﬁnition of ﬂux tube entropy, S = ∫ (p1∕𝛾 ∕B)ds,
to quantify the ordering of magnetospheric ﬂows. The local entropy, s = p∕𝜌𝛾 (where 𝜌 is the mass density,
p is the pressure, and 𝛾 is the polytropic index), and ﬂux tube entropy are conserved in ideal MHD; therefore,
changes in entropy are associated with nonadiabatic processes, mass loss/gain from ﬂux tubes, heat loss/gain
from ﬂux tubes, and/or integrity of a magnetic ﬂux tube [Wing and Johnson, 2010]. Magnetospheres are
stable to interchange motion provided that the ﬂux tube entropy increases monotonically with radial
distance, just as an atmospheric temperature inversion renders the air convectively stable. In the case
DELAMERE ET AL.
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of the giant magnetospheres, the internal source of plasma will increase ﬂux tube entropy in the inner
magnetosphere and must, at some point, enable outward mass transport.
In addition to sources of plasma, one of the most eﬀective mechanisms for changing ﬂux tube entropy is
magnetic reconnection. Thin current sheets, e.g., on the order of the ion inertial length, are necessary for
reconnection to operate. Therefore, a key ingredient in magnetic reconnection is understanding the process
of current sheet thinning. Considerable attention has been given to current sheet thinning in the near-Earth
current sheet during the substorm growth phase [Otto et al., 2014; Hsieh and Otto, 2014]. A key component
of thinning is the net magnetic ﬂux transport that must occur out of a region with outwardly divergent ﬂows,
though other ideal macroinstabilities (e.g., ballooning modes for Rayleigh-Taylor instabilities) are considered
too. Following reconnection, the newly formed ﬂux tube planetward of the X-line is depleted of plasma
with much of the original plasma content transferred to a plasmoid. The empty ﬂux tube is surrounded by
higher-entropy ﬂux tubes and moves inward to a region of equal entropy. This transport process is thought to
be the cause of bursty bulk ﬂows found in terrestrial substorm processes [e.g., Wolf et al., 2012; Birn et al., 2011;
Sergeev et al., 2012]. Note that reconnection associated with ﬂux circulation at substorm onset starts deep in
the closed terrestrial magnetosphere.
Magnetic reconnection can occur when a thin current sheet is established. While much attention has been
given to tail reconnection where thin current sheets are expected [e.g., Jackman et al., 2014], magnetic
nulls have been found in the dayside magnetodisc, suggesting that magnetic reconnection is operating on
closed ﬁeld lines within the centrifugally stretched disc [Russell et al., 1999; Kivelson and Southwood, 2005].
Southwood and Kivelson [2001] ﬁrst suggested that the magnetodisc might be subject to ballooning during
magnetospheric expansion. We argue this is one mechanism for generating thin current sheets on the dayside; therefore, magnetic reconnection should be expected to occur at any local time and not just in the
midnight sector.
Vogt et al. [2011] examined the local time distribution of the normal magnetic ﬁeld component (B𝜃 ) to the
magnetodisc at Jupiter using Galileo magnetometer data. A clear pattern emerges at Jupiter. In the postmidnight sector the normal component is uniformly small, suggesting a frequent presence of thin current sheets.
In the postnoon sector, the normal component is signiﬁcantly larger, suggesting a more dipole magnetic ﬁeld
topology. Yet in the prenoon and premidnight sectors the scatter in the data is signiﬁcant, showing combination of thin current sheets with more dipolar conﬁgurations. These transition regions may also be susceptible
to reconnection, motivating our survey of all local times to understand global ﬂux circulation. In the following analysis, we examine Cassini magnetometer (MAG) data to identify thin current sheets and proximity to
potential reconnection sites at Saturn.

3. Azimuthal Magnetic Field Bend: Signatures of Reconnection
An azimuthal bend back magnetic ﬁeld conﬁguration is an expected property of the rotating magnetodisc
with mass outﬂow [Vasyliunas, 1983]. Corotation-enforcing radial currents are added to the magnetodisc with
radial distance [e.g., Hill, 1979; Ray et al., 2010]. However, we note that no signiﬁcant radial currents are added
to Jupiter’s magnetodisc beyond 30 RJ [Khurana, 2001], suggesting a decoupling of the magnetodisc from the
ionosphere in the outer magnetosphere. As plasma ﬂows radially outward, the loss of coupling will drag the
magnetic ﬁeld into a more bent back conﬁguration as the magnetic ﬁeld evolves Alfvénically. We estimate
the eﬀective mass loading that is required to sustain Alfvénic bend back at Saturn in the limit of ionospheric
decoupling and negligible solar wind inﬂuence (e.g., viscous stresses near the magnetopause boundary).
The plasma outﬂow speed in Saturn’s outer magnetosphere is a nonnegligible fraction of the corotation
speed, and plasma beyond ∼15RS is lost from the magnetodisc in less than one rotation [Bagenal and
Delamere, 2011]. The expected Alfvénic evolution of the magnetic ﬁeld results in a J × B force balanced by an
eﬀective momentum loading source, or
1
̇ 𝜙= 1
J × BdV =
B B dA
MΔv
𝜇o ∫
𝜇o ∫ 𝜙 𝜃

(1)

In the corotating frame, deviations from corotation result in B𝜙 perturbations and Δv𝜙 is the deviation from
rigid corotation. The upper limit for the eﬀective mass loading rate, Ṁ , is the plasma mass outﬂow rate. Using
average values of the magnetic ﬁeld from Cassini magnetometer data in the outer magnetosphere between
DELAMERE ET AL.
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Figure 1. Illustration of the magnetic ﬁeld topology and ﬂux circulation at Saturn. Flows are shown with red arrows.
Magnetic ﬁelds are shown in purple (mapping to outer magnetosphere) and blue (showing bend back and bend
forward conﬁgurations).

15 and 25 RS (i.e., B𝜙 = 0.5 nT and B𝜃,dipole ∼ 2 nT), average deviation from corotation ∼100 km/s, and integrating over the cylindrical cross section of the magnetodisc, the mass transport rate is roughly 70 kg/s. This
is consistent with mass outﬂow rates from physical chemistry models (e.g., ∼60 kg/s [Fleshman et al., 2013]),
suggesting that the bend back in the outer magnetosphere may not be due to ionospheric coupling currents.
If reconnection occurs within the magnetodisc, then the reconnection ﬂows from the X-line will further modify
the azimuthal bend of the magnetic ﬁeld due to variations in the azimuthal component of the velocity. On
the planetward side of the X-line, rapid inﬂows combined with conservation of angular momentum could,
in principle, cause a bend forward conﬁguration if the inﬂow channel can penetrate suﬃciently deep into
the inner magnetosphere (see Figure 1). The penetration distance is dependent on the entropy of the newly
formed ﬂux tube discussed above. Similarly, radial outward ﬂow from the X-line can enhance the magnetic
ﬁeld bend back. The problem of azimuthal bend is further complicated by the fact that reconnecting ﬁeld
lines have diﬀerent angular velocities. For instance, ﬁeld lines in the outer magnetosphere rotate slower than
ﬁeld lines in the inner magnetosphere due to a breakdown in corotation. If reconnection operates across
these ﬁeld lines, then the angular velocity of newly reconnected ﬁeld lines close to the reconnection site
decreases while ﬂux is accelerated planetward and angular momentum conservation tends to reaccelerate
ﬂux tubes. Figure 2 illustrates the angular momentum transport during reconnection where 𝜔5 in the inner
magnetosphere is greater than 𝜔1 in the outer magnetosphere (black proﬁle). Following reconnection, the
local meridian has a radial angular velocity proﬁle shown in red and the mixing of angular momentum will
aﬀect the azimuthal magnetic ﬁeld component. As a guiding principle in our analysis below, we will use the
ratio |B𝜙 |∕|B| > 0.5 to evaluate the likely proximity of the Cassini spacecraft to reconnection sites because of
a possible thin current sheet and because of enhanced bend forward/back due to magnetic reconnection.
DELAMERE ET AL.
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Figure 2. An illustration of angular momentum transport during reconnection on closed ﬁeld lines. The illustration
shows the eﬀect of mixing angular velocities (𝜔) during reconnection for the initial radial proﬁle shown in black. The
resulting angular velocity proﬁle is shown in red. Subsequent evolution of this proﬁle would be subject to angular
momentum conservation during radial ﬂow.

We note that any local perturbation to ﬂow, e.g., reconnection, will signiﬁcantly perturb the local magnetic
ﬁeld following the Walén relation, 𝛿B∕Bo = vﬂow ∕vAlfvén . Because reconnection outﬂows are expected to be
∼ vAlfvén , signiﬁcant perturbations are expected.

4. Data Analysis
The data analysis follows the comprehensive boundary analysis of Delamere et al. [2013] using Cassini Plasma
Spectrometer (CAPS) [Young et al., 2004] ion singles data (SNG), CAPS electron spectrometer (ELS), and the
1 min averaged Cassini magnetometer (MAG) data [Dougherty et al., 2004] from 27 June 2004 to 2 June 2012.
These dates include all available CAPS data. The boundary analysis identiﬁes all magnetopause boundary
crossing and bow shock crossings. Figure 3 shows the three regions encountered by the Cassini spacecraft
during this time (blue=magnetosphere, red=magnetosheath, and green=solar wind) based on our boundary
crossing analysis. In this paper we are only interested in identifying current sheet (CS) crossings inside of the
magnetosphere (blue).
The survey included all local times and was limited to ±30∘ latitude to isolate encounters with the magnetodisc. The magnetic ﬁeld data were given in kronian r, 𝜃 , and 𝜙 coordinates. The radial (Br ) and azimuthal (B𝜙 )
components were used to identify current sheet crossings. The expected magnetic ﬁeld topology for Saturn’s
magnetodisc (see Figure 1) is a southward directed normal component (+B𝜃 ) based on the dipole orientation with radial and azimuthal components changing signs depending on the location of the spacecraft with
respect to the current sheet (i.e., above or below the current sheet) [Kivelson, 2014]. The Br and B𝜙 components
will be out of phase if the magnetic ﬁeld bends back and in phase if the magnetic ﬁeld bends forward.
DELAMERE ET AL.
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Naively, one might expect the current sheet
crossing to be fairly infrequent because the
magnetic dipole is (roughly) aligned with the
spin axis, relying instead on spacecraft motion
through the magnetodisc. In this case a long
time sampling window (e.g., hours) would be
suﬃcient to identify the CS crossings. However, as we will show, the majority of consecutive CS crossings occur with a few minutes’
separation and, in fact, much of the magnetodisc contains current sheets with considerable
magnetic structure.
Our automated search for current sheet crossings used the following algorithm. While Cassini
was within the magnetosphere, we selected
a time sampling window of 5 min to identify changes in sign of both the Br and B𝜙
components. Figure 4 is a survey of the 2007
Cassini 1 s magnetometer data for cases where
|B𝜙 |∕|B| > 0.5 as a function of sampling window
Figure 3. Saturn’s boundary identiﬁcation. Blue = magnetosize. For Δt < 5 min the number of cases falls
sphere, red = sheath, green = solar wind. The dashed lines are
steeply as the time sample approaches kinetic
model magnetopause locations for high/inner (0.1 nPa),
spatial scales (see discussion below). Using a
nominal (0.01 nPa), and low/outer (0.001 nPa) solar wind
cross-correlation method, the phase of the sign
dynamic pressure [Kanani et al., 2010].
change was determined to classify the CS crossing as bend forward or bend back. We note that
the ﬁeld topology cannot be uniquely determined because intense ﬁeld-aligned currents will give both
in-phase and out-of-phase variations in Br and B𝜙 similar to the “camshaft” periodic magnetic signal seen
between 12 and 15 RS [Southwood and Kivelson, 2007]. The majority of our CS crossings were found between
20 and 30 RS and thus largely exclude the camshaft ﬁeld-aligned currents though other (e.g., auroral)
ﬁeld-aligned currents could contribute to our survey. We further note that angular momentum transfer to
the magnetodisc from the planet requires a bend back conﬁguration, consistent with a corotation-enforcing
radial current [Ray et al., 2010]. Finally, in every CS crossing we identify the minimum B𝜃 value in the sampling
window to further constrain the thickness of the current sheet. In many cases the predominantly positive
B𝜃 component (southward) changed
|B |/|B| > 0.5
signs, indicating a northward orientation.
500
These cases are particularly interesting in
the context of magnetic reconnection.
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Figure 4. Survey and the 2007 Cassini 1 s magnetometer data
illustrating the number of |B𝜙 |∕|B| > 0.5 cases as a function of
sampling window size. The number of cases falls steeply below 5 min,
demonstrating the motivation for using a 5 min window size.
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Figure 5 illustrates the time between
consecutive current sheet crossings. For
each CS crossing, the time is recorded
to the next CS crossing (minimum 5 min
based on sampling window). Clearly, the
majority consecutive crossings occur on
short time scales, suggesting a ﬁlamentary structure. It is diﬃcult to quantify this
result in terms of absolute spatial scale
given the uncertainty in plasma ﬂows, but
if we assume that the spacecraft is stationary with respect to the magnetodisc and
the plasma/ﬁeld moves past the spacecraft at ∼100 km/s [e.g., Thomsen et al.,
2010], then the distance between CS
crossings separated by 5 min is 30,000 km
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Figure 5. Histogram of the time interval between consecutive current sheet crossings for all crossings, illustrating the
tendency for small-scale CS structure in Saturn’s magnetodisc.

Figure 6. Example of ﬁlamentary CS crossing at Saturn. The sample 4 h interval in the premidnight sector (∼20 LT,
r ∼ 20 RS ) was taken from 28 August 2007. Numerous magnetic ﬁlaments/current sheets are seen in the ﬁrst panel with
B𝜃 < 0 (green) in some instances. The second and third panels show the electron and ion data. The fourth, ﬁfth, and
sixth panels show plasma density, velocity, and temperature determined from forward ﬁtting methods of the CAPS data.
While the errors are considerable, the ﬁts do indicate inward ﬂows.

DELAMERE ET AL.
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Figure 7. Local time distribution for magnetic ﬁeld bend back with |B𝜙 |∕|B| > 0.5 at Saturn. Blue = raw sample,
red = spacecraft dwell time normalized.

or 0.5 RS . Using typical plasma parameters in the outer magnetosphere [e.g., Wilson et al., 2012] this corresponds to ∼30 ion inertial lengths (c∕𝜔pi ) with each CS crossing lasting ∼1 min corresponding to ∼10 c∕𝜔pi .
Our sampling window of 5 min speciﬁcally ﬁlters for these fragmented CS crossings.
Figure 6 shows an example interval from 28 August 2007 in the premidnight sector (∼20 LT, r ∼ 20 RS ). We
show the magnetometer data (1 s MAG) to illustrate a ﬁlamented current sheet where the red, green, and
blue lines are the respective Br , B𝜃 , and B𝜙 magnetic ﬁeld components and the black line is the total magnetic ﬁeld. At the beginning of the interval, the magnetic ﬁeld is dominated by the radial component and the
positive B𝜙 component is consistent with a bend back conﬁguration (Br B𝜙 < 0). Gradually, the ﬁeld grows
weaker and Br B𝜙 > 0, consistent with a bend forward conﬁguration. Between ∼05:00 and 07:00, the magnetic
ﬁeld ﬂuctuates with numerous current sheet encounters and occasional cases of B𝜃 < 0. Most of the ﬂuctuations are characterized by Br B𝜙< 0, but occasional instances of Br B𝜙 > 0 do occur, suggesting proximity to the
expected reconnection sites. These are the types of ﬂuctuations that we have analyzed. Comparisons with
plasma observations are beyond the scope of this paper, but we will conduct a comprehensive analysis of the
plasma data as a future eﬀort.
The remaining panels in Figure 6 show the CAPS electron (ELS) and ion (SNG) data, followed by plasma properties (velocity, temperature, density, and pressure) determined with forward ﬁtting methods of the CAPS/SNG
data [e.g., see Wilson et al., 2012, 2013]. We ﬁrst note that the CAPS/SNG actuation interval is too long to
capture some of the abrupt CS crossings (∼1 min); therefore, the modeled plasma properties cannot resolve
ﬁlamentary structures containing possibly diﬀerent plasma properties. Nevertheless, the data show corotational ﬂows between 50 and 100 km/s along with comparable inward radial ﬂows. This example also indicates
that inward radial ﬂows are correlated with higher temperatures and lower density (red line indicates vr in the
ﬁfth and sixth panels), consistent with the expectation of high-temperature and low-density ﬂux tubes originating in the outer magnetosphere. The total pressure (magnetic + plasma) is reasonably constant (i.e., ±50%)
given the large errors in the plasma properties. While a dynamically evolving magnetodisc may contain some
pressure imbalance, the expectation for local pressure balance provides a good indication of the reliability of
the forward model ﬁts. The plasma 𝛽 also increases during this interval as expected for conditions near the
center of the magnetodisc. More detailed comparisons with plasma observations are beyond the scope of
this paper, but we will conduct a comprehensive analysis of the plasma data as a future eﬀort.
To quantify the relative thickness of the current sheets and proximity to a potential X-line, we use the ratio
|B𝜙 |∕|B| > 0.5, where the time sampling of 5 min further ﬁlters for kinetic scales as discussed above. Using
the bend back criterion, Figure 7 shows the local time distribution of these potentially critically thin current
sheets. The blue histogram is the normalized sampling of the CS crossings, and the red histogram is spacecraft
“dwell” time normalized to ﬁlter for nonuniform local time sampling. The majority of the CS crossings occur
DELAMERE ET AL.
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in the subsolar and dusk sector with a
few events occurring in the midnight
tail sector. Many of the tail events have
been identiﬁed by Jackman et al. [2014]
and are assumed to be associated with
tail reconnection. The gap at 13:00 LT
is assumed to be related to the set of
high-latitude Cassini orbits; therefore,
sampling of this local time sector at low
latitude is sparse. Figure 8 is the same
as Figure 7 but for the bend forward criterion, showing nearly all cases in the
subsolar to dusk sector.
The normal magnetic ﬁeld component,
B𝜃 , is expected to remain southward
(B𝜃 > 0) inside of the magnetosphere.
But in the case that magnetic reconnection is operating within the magneFigure 8. Local time distribution for magnetic ﬁeld bend forward with
|B𝜙 |∕|B| > 0.5 at Saturn. Blue = raw sample, red = spacecraft dwell
todisc, B𝜃 < 0 cases may occur. Figure 9
time normalized.
summarizes the LT distribution of the
B𝜃 component in the sampling window.
The black line is the dipole ﬁeld. In the 0–6 LT sector, the CS is uniformly thin with values of B𝜃 less than the
dipole. In the prenoon sector (6–12 LT), the distribution of B𝜃 varies from negative to larger than the dipole
ﬁeld. The postnoon sector (12–18 LT) shows a distribution scattered about the dipole with a somewhat uniform spread of values. The premidnight sector shows a combination of thin current sheet and dipole-like
values, indicating variable conditions. There are negative B𝜃 values in every local time sector. Figure 10 shows
the local time distribution of the B𝜃 < 0 events with the dwell time normalization. Interestingly, a large number
of cases occur in the subsolar to dusk sector and appear more frequently than the tail cases.

Figure 9. Minimum B𝜃 for all Saturn current sheet crossings in local time sectors. The black line is the planetary dipole
B𝜃 component in the equatorial plane.
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Figure 10. Local time distribution for B𝜃 < 0 for Saturn current sheet crossings. Blue = raw sample, red = spacecraft
dwell time normalized.

Finally, we examined the radial distribution of all current sheet crossings for the four cases summarized in
Table 1. In all cases we ﬁt a Gaussian to the radial distribution to quantify the peak and the width (full width
at half maximum (FWHM)) of the distribution. The B𝜃 > 0 cases both peak at smaller radial distances compared with the B𝜃 < 0 cases, consistent with the expectation for an X-line conﬁguration (e.g., see X-line in
Figure 2). While likely not statistically signiﬁcant, we note that the bend forward B𝜃 > 0 case (Case 1) has the
smallest peak radial distance, consistent with our expectation for inward moving, low-entropy ﬂux tubes. If
the bend forward B𝜃 > 0 peak occurred at a larger radial distance than the bend back B𝜃 > 0 peak, then solar
wind stresses near the magnetopause boundary could potentially account for this observation. The majority
of the bend back B𝜃 > 0 cases (Case 2) represent likely events of mass loaded thinning current sheets that have
not yet experienced reconnection. Unless B𝜃 < 0 is caused by a projection eﬀect of a strongly bent ﬂux tube,
we expect that Cases 3 and 4 represent plasmoid encounters which must involve reconnection. This expectation is supported by the fact that the radial distributions are diﬀerent for the B𝜃 < 0 and the B𝜃 > 0 cases. For
instance, the peaks of the B𝜃 < 0 cases are at greater radial distances, which is consistent with the rapid outward motion of these plasmoids due to the abruptly dominant centrifugal stresses following reconnection.
Since the leading portion of plasmoids has B𝜃 > 0, we expect that the number of plasmoid encounters with
B𝜃 > 0 be similar to the total of all B𝜃 < 0 events. We note that overall azimuthal distributions (Figures 6 and 7)
do not change signiﬁcantly for the plasmoid subset of all B𝜃 > 0 cases.

5. Discussion
5.1. Conceptual Model for Magnetic Flux Circulation
Figure 1 summarizes our conceptual model for ﬂux circulation in the giant magnetospheres. The model
applies to the middle and outer magnetospheres where radial plasma transport is assumed to be tied to magnetic reconnection and current sheet collapse. The tailward ﬂows in the nightside magnetosphere are based
on an analysis of plasma data from the Cassini CAPS [Thomsen et al., 2014] and Ion Neutral Camera [Kane et al.,
2014] instruments, showing respectively a “planetary wind” along the dusk ﬂank and a “low-latitude boundTable 1. Radial Distribution of All CS Crossings at Saturn
Case

B𝜃

Bend

Peak (RS )

FWHM (RS )

Number of Events

1

+

forward

24.64

9.34

2851
4527

2

+

back

25.51

8.64

3

−

forward

34.23a

8.00

229

4

−

back

27.23

8.21

607

a Gaussian ﬁt, not dwell time normalized.
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ary layer” along the dawn ﬂank. Following Mitchell [2015], we distinguish this type of transport from ﬂux tube
interchange that likely occurs in the inner magnetosphere on dipole magnetic ﬁeld lines. The mass transport
processes must remove mass from the magnetosphere; therefore, net mass transport can be viewed as an
outward process with transport rate Ṁ . Magnetic ﬂux transport, on the other hand, must be a two-way process so that planetary magnetic ﬂux is conserved. Using simple mass conservation principles, Delamere and
Bagenal [2010] and Bagenal and Delamere [2011] showed that a parcel of plasma is transported rapidly outward from the middle magnetosphere to the tail within a ﬁnal “lap of honor.” The rapid plasma outﬂow must
be accompanied by a rapid inﬂow of empty ﬂux tubes returning magnetic ﬂux.
Our analysis of the current sheet crossings shows that most of the encounters occur in the subsolar to dusk
sector with a smaller distribution of events in the midnight sector where tail reconnection is expected to
occur. We propose that reconnection is operating primarily on closed ﬁeld lines starting deep in the closed
ﬁeld line region in a complex and patchy network of reconnection sites. The frequency of CS encounters, the
large variation in the magnitude of B𝜃 , and the frequent occurrence of negative B𝜃 are impossible to reconcile
with large-scale (many RS ) transport. Therefore, these observations suggest signiﬁcant small-scale structure
(e.g., < 1RS ) for the returning ﬂux channels. We use the term “reconnection drizzle” to imply the concept of
patchy reconnection as opposed to a global-scale (i.e., many RS ) X-line. The dusk ﬂank is likely a composite of
plasma blobs that are both magnetically coupled and decoupled to the planet, ultimately moving into the tail.
These plasma blobs can be considered similar to the bubbles of plasma described by Kivelson and Southwood
[2005] moving down Jupiter’s dusk ﬂank that have broken oﬀ the outer edge of the magnetodisc. In Figure 1
we illustrate this region of the outer magnetosphere with complex magnetic topology in the form of
detached plasmoids.
A bend forward conﬁguration is not expected with plasma outﬂow. Yet we ﬁnd many bend forward cases
in the subsolar and dusk sector. One possibility is that tailward viscous stresses exerted by the solar wind at
the magnetopause boundary bends the ﬁeld tailward/forward. However, these cases should only occur close
to the magnetopause boundary. The prevalence of bend forward cases at all radial distances from middle
to outer magnetosphere suggest that the solar wind is not completely responsible. Also, the subsolar cases
cannot be caused by solar wind stresses. We propose, instead, that these cases result from the inward motion
of low-entropy ﬂux tubes generated by reconnection, where conservation of angular momentum increases
the angular velocity and generates the bend forward ﬂux tubes. In Figure 1, we show the dusk magnetic ﬁeld
in a bend forward conﬁguration.
Plasmoids are likely to develop ﬁrst in a bend back conﬁguration because reconnection is expected for mass
loaded, stretched ﬂux tubes with a strong bend back. The bend forward B𝜃 < 0 cases (Case 3) may be related
to a twisting of the plasmoid due to a diﬀerence in the azimuthal speed of the outer and inner edges of
the plasmoid. This diﬀerence can arise if a plasmoid contracts, the inner edge moves rapidly outward, and
via angular momentum conservation, slows relative to the outer edge. It is not clear how these plasmoids
are assimilated in the outer magnetosphere before being ejected down the tail, but they are consistent with
Voyager observations of detached plasma in Saturn’s dayside magnetosphere by Goertz [1983].
It is important to note that the expected time scales of these reconnection processes are well below the coupling time for ionospheric feedback; therefore, ionospheric feedback cannot be considered in a simple steady
state coupling model. Rather, it is expected that returning Alfvénic signatures from the ionosphere arrive well
after a magnetodisc reconnection event and possibly contribute to the very dynamic magnetic conﬁguration
of the magnetodisc.
This model does not provide a physical explanation for the observed local time dependence, but clearly,
the solar wind interaction must be a fundamental driver of the ﬂux circulation pattern. In the context of the
Vasyliunas cycle, we argue that the model of a single X-line in the tail is an oversimpliﬁcation, but the net eﬀect
of distributed and/or patchy reconnection through the dusk sector accomplishes the same task of releasing
plasma down the dusk ﬂank.
5.2. The Magnetic Cushion Region
A key aspect of our conceptual model is the presence of a magnetic cushion. The cushion is deﬁned as a reservoir of magnetic ﬂux (exceeding the dipole ﬁeld strength) between the current sheet and the magnetopause
boundary (the terminology was ﬁrst proposed by V. M. Vasyliunas in 1992). At Jupiter, the cushion region is a
well-deﬁned region [e.g., Kivelson and Southwood, 2005], while at Saturn the presence of a cushion is not clear
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Figure 11. Radial averages of B𝜃 for four local time sectors illustrating the ﬂux deﬁcit in Saturn’s inner magnetosphere
(< 20–25 RS ) and the ﬂux surplus (cushion) in the outer magnetosphere. The black line is the planetary dipole B𝜃
component in the equatorial plane.

[Went et al., 2011]. We argue that the cushion is a necessary consequence of the magnetodisc formation and
is the accumulation of expelled ﬂux from the current sheet. Arridge et al. [2008] noted that magnetodisc formation (i.e., when the centrifugal stress dominates mechanical stress) occurs during low solar wind dynamic
pressure, but under compression the magnetodisc is only present on the nightside and ﬂanks of the magnetosphere. The cushion is a general result in any 2-D equilibrium for the giant-planet magnetodiscs [e.g. Caudal,
1986; Chou and Cheng, 2010]. In equilibrium, the ﬂux deﬁcit (measured as a diﬀerence from the dipole ﬁeld)
is balanced by the ﬂux surplus in the outer magnetosphere.
We have adopted two methods for quantifying the ﬂux contained in Saturn’s magnetic cushion. The ﬁrst
method uses 1 h averages of the Cassini MAG data for low latitudes (i.e., ±30∘ latitude) and determines the ﬂux
surplus/deﬁcit with respect to the dipole ﬁeld at all spacecraft locations. The results of this survey are shown
in Figure 11 for four local time sectors where averages in each 1 RS radial bin are plotted (red). The dipole is
shown as the black line. The total deﬁcit is 18.3 GWb, and the total surplus (cushion) is 18.5 GWb, showing
that on average ﬂux is conserved despite the limited radial coverage in the tail region. This estimate is likely
an underestimate since the cushion coverage is incomplete, and the ﬂux deﬁcit is contaminated by ﬁeld lines
in the inner magnetosphere mapping out to the cushion region.
The second method measures the ﬂux at each current sheet crossing, computing averages per radial bin in
each local time sector. At each current sheet crossing the minimum B𝜃 is found in the sliding window and
recorded as a diﬀerence from the magnetic dipole. If B𝜃 > 0, then the current sheet crossing is assumed to be
planetward of any possible X-line, while for B𝜃 < 0 the current sheet crossing is assumed to be located radially
outward from a deﬁnite X-line with ﬁeld lines mapping into the cushion region. Flux averages are calculated
for each case of positive and negative B𝜃 and in each radial bin. For a survey of current sheet crossing between
6 and 40 RS , the B𝜃 > 0 ﬂux deﬁcit was 29 GWb, and for the B𝜃 < 0 cases, the ﬂux surplus (cushion) was 30 GWb.
We consider this as the most accurate estimate of the cushion ﬂux, and as expected the cushion ﬂux is larger
than the method 1 estimate of ∼18 GWb. If we expand the survey beyond 40 RS , the cushion ﬂux increases
(e.g., 36 GWb at 50 Rs ), but this is likely due to errors from open and tangled ﬂux in the tail.
5.3. Flux Transport and Reconnection Potential
Radial ﬂux transport can be estimated empirically following Bagenal and Delamere [2011]. A radial mass
outﬂow rate ∼60 kg/s has been determined using physical chemistry models of the partially ionized plasmas in
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Saturn’s inner magnetosphere by Fleshman
et al. [2013]. The radial mass transport rate
from conservation of mass is
Ṁ = 2𝜋rHur mn

(2)

where R is radial distance from Saturn, H is
the scale height of the plasma torus, m is
the average ion mass, and n is the density.
Beyond r ≈ 8 RS , the radial mass outﬂow is
constant; therefore, the radial outﬂow speed
can be determined as a function of radial
distance using empirical values for H and n.
Given ur , the magnetic ﬂux transport rate is
Figure 12. Empirical ﬂux transport potential for radial mass outﬂow
at Saturn given by Bagenal and Delamere [2011] inside of 20 RS .

d𝜙
= 2𝜋r(ur B𝜃 )
dt

(3)

where B𝜃 is the dipole ﬁeld. Figure 12 shows an estimate of the magnetic ﬂux transport rate inside of 20 RS ,
where the maximum potential at 20 RS is ∼300 kV. We do not carry this estimate outside of 20 Rs because the
empirical proﬁles for n and H from Bagenal and Delamere [2011] are only available to 20 RS . The potentials
could be higher at larger radial distances.
We estimate the outward ﬂux transport time scale by numerically solving a one-dimensional ﬂux conservative equation for magnetic ﬂux transport of the form 𝜕t 𝜙+𝜕r (ur 𝜙) = 0, where r is radial distance. Note that the
steady state solution requires the return of magnetic ﬂux that is not considered here. The initial ﬂux is from
the dipole ﬁeld, 𝜙DP , and we use the empirical inputs from Bagenal and Delamere [2011] extrapolated to 40 RS
and equations (2) and (3) to determine the radial outﬂow. The inner boundary is ﬁxed with 𝜙DP , and the outer
boundary is open (i.e., 𝜕r = 0). The respective time scales for the transport of 18 GWb and 29 GWb of ﬂux out
of the inner and middle magnetosphere (i.e., 𝜙DP − 𝜙 between 5 and 25 RS ) is ∼25 h and ∼70 h. Rymer et al.
[2013] estimated the time scale for Saturn’s magnetospheric refresh rates following the current sheet stress
balance considerations of Kronberg et al. [2007] and found a time scale of 30.7 h for Ṁ = 56.9 kg/s, consistent
with our estimate. While our model does not support large-scale plasmoid release down the magnetotail as
the dominant mechanism for ﬂux circulation, observable magnetospheric quasiperiodicities should be coupled to ﬂux circulation time scales. For example, large-scale magnetospheric reconﬁguration following solar
wind compressions that trigger tail reconnection should be characterized by a ∼30 h magnetospheric reﬁlling
period. While large-scale plasmoids may be present in the tail, modulated by the refresh rate, the dominant
plasma loss mechanism can remain small-scale “drizzle”.
Quasi-steady ﬂux transport requires equivalent magnetic reconnection potentials (i.e., hundreds of kilovolts),
allowing ﬂux to return to the inner magnetosphere. Jackman et al. [2014] estimated that 0.26–2.2 GWb of ﬂux
was closed during a 27 min postplasmoid plasma sheet encounter of the Cassini spacecraft. The range of values is dependent on the assumption of azimuthal extent of the X-line (with the upper limit corresponding to
the full tail width of 90 RS ) and the ﬂow speed of the plasmoid. The corresponding reconnection voltages are
160–1330 kV and are consistent with our estimates for closed magnetic ﬂux transport. We note that reconnection potentials ∼300 kV are signiﬁcantly larger than the inferred dayside opening reconnection potentials
given by Masters et al. [2014] (i.e., 10–70 kV). Therefore, magnetodisc and magnetotail reconnection should
predominantly operate on closed magnetic ﬁeld lines enabling the inward transport of magnetic ﬂux. The
amount of open ﬂux that is required to be reclosed is small compared to the closed ﬂux that is transported outward with mass. An individual reconnection process may possibly reconnect open ﬁeld lines as a secondary
consequence provided that local conditions are suitable. However, the large reconnection potentials are consistent with mandatory closed ﬂux circulation, and therefore, it is unlikely the Dungey cycle can be considered
as a primary driver of magnetospheric dynamics. A similar situation exists at Jupiter where the ﬂux circulation potential for Ṁ = 500 kg/s and for the empirical inputs from Bagenal and Delamere [2011] is ∼10 MV,
dominating the dayside reconnection potential (e.g., ∼100–1000 keV) [Nichols et al., 2006].
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5.4. Auroral Implications
Jupiter’s and Saturn’s aurora are complex structures, driven by a variety of mechanisms. Grodent [2014]
reviewed the morphologies of ultraviolet auroral emissions of these gas giants, attempting to capture the
diversity of emission features in a single sketch that single images fail to capture. Despite this complexity, there
is abundant literature published that attempts to use the gross auroral structure to identify the open/closed
magnetic ﬁeld line boundary. In the discussion that follows we assume that all auroral emissions occur on
closed ﬁeld lines and that the ﬂux content of the open polar cap cannot necessarily be delineated by auroral
emissions. Our suggestions for the location of the open/closed boundary are consistent with our conceptual
model but may stand in stark contrast to other published literature on the topic.
Two limiting cases can be used to understand the solar wind interaction at Jupiter and Saturn. The ﬁrst is the
Dungey cycle of large-scale magnetic reconnection, and the second is a viscous interaction that can involve
intermittent small-scale reconnection that may have little impact on the open ﬂux content of the polar cap
[Delamere, 2015]. The former is used quite successfully at Earth but has been questioned as a primary driver
of magnetospheric dynamics at the giant magnetospheres [Delamere and Bagenal, 2010; Masters et al., 2014].
The amount of open ﬂux in the polar cap is a critical measure of the Dungey cycle as net ﬂux transport can
take place into or out of the magnetosphere, enlarging or shrinking the size of the polar cap. Earth’s aurorally
dark polar cap makes using the main oval of emissions a reasonable proxy for the open/closed boundary,
with auroral emissions occurring on closed ﬁeld lines. Jupiter’s aurorally active polar region renders an unambiguous identiﬁcation of the open/closed boundary impossible. Saturn, on the other hand, has an Earth-like
dark polar region, and the auroral emissions have been used to identify the open/closed boundary in several
studies [e.g., Badman et al., 2005; Radioti et al., 2011; Badman et al., 2014]. In this discussion, we leverage the
Cassini CS observations and the auroral observations to describe a model for ﬂux circulation that is similar for
Jupiter and Saturn, but distinctly diﬀerent from Earth.
Although the the auroral oval is a good proxi for Earth’s open polar cap, the most magniﬁcent auroral displays are associated with substorms that start well inside of the closed magnetic ﬁeld region. Likewise, we
expect magnetic ﬂux transport and magnetodisc reconnection to be associated with signiﬁcant auroral signatures similar to those described by Radioti et al. [2013] in the subsolar and postnoon sector. These signatures
should be deep inside the closed magnetosphere with the equatorward edge probably close to the transition
from dipolar to stretched magnetodisc magnetic ﬁeld. A second reference for magnetodisc-driven aurorae is
provided by the cushion region where strong shear and the presence of entangled magnetic ﬁeld provide a
source for auroral signatures. Since the cushion is on closed ﬁeld lines, any aurora close to the poleward edge
should be considered as a proxi for the outer or poleward boundary of the closed magnetic ﬁeld region.
The dark polar region (DPR) [Stallard et al., 2003] poleward of Jupiter’s dawn main emissions have been shown
to be partially on closed ﬁeld lines [Vogt et al., 2011]. If the cushion region and closed ﬂux along the dawn ﬂank
are included, then much of the DPR is likely on closed ﬁeld lines. If Saturn also has a cushion region, then portions of the aurorally dark polar region would be on closed ﬁeld lines. This is an important consideration given
the recent observations of bifurcations in Saturn’s aurora in the subsolar and dusk sector [Radioti et al., 2011;
Badman et al., 2013] (see Figure 13). We argue that these auroral forms (starting at high latitude and merging
with the main emissions at lower latitude) are not caused by enhanced dayside magnetopause reconnection
but rather are generated by larger events of enhanced radial inﬂows required for magnetic ﬂux circulation.
Similar bifurcations are seen at Jupiter with multiple arcs found in the dusk sector. Figure 13 summarizes our
alternative explanation for these auroral forms. In both cases we identify an open/closed boundary (dotted
circle), a dawn cushion region (aurorally dark), and the subsolar to dusk bifurcations associated with return
magnetic ﬂux channels.
We note that the upper limit for the ﬂux content of Saturn’s polar cap was estimated to be ≤20 GWb by
Delamere [2015], where the planetary dipole ﬁeld was integrated from the magnetopause subsolar distance
(∼22RS ) to inﬁnity to determine this upper limit. This is qualitatively consistent with the dotted circle region
shown in Figure 13 at 10∘ co-latitude, where Radioti et al. [2011] estimated the open ﬂux to be 20–30 GWb
using the auroral emissions to deﬁne the open/closed boundary. We also note that 10∘ co-latitude was the
lower limit for the northern polar cap boundary determined by Jinks et al. [2014] with a multi-instrument
assessment.
The aurorally dark dawn sector, composed of the cushion region and thin current sheet, is consistent with the
general lack of CS encounters with |B𝜙 |∕|B| > 0.5. While the overall current sheet might be considered thin
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Figure 13. Proposed analogy for Jupiter’s and Saturn’s aurora, illustrating the dawn signature of a cushion region
(aurorally dark), subsolar to dusk sector bifurcations, and the possible location of the open/closed ﬁeld line boundary
(dotted circle). Saturn’s auroral image was taken with the Cassini Ultraviolet Imaging Spectrograph instrument [Radioti
et al., 2011], and Jupiter’s northern UV auroral image was taken from the Hubble Space Telescope [Nichols et al., 2007].

in this sector, magnetic reconnection is not operating frequently. It follows that auroral emissions are likely
triggered by magnetic ﬂux inﬂows that rarely occur in this sector.

6. Conclusions
We present a comprehensive analysis of current sheet crossing in Saturn’s magnetosphere in an attempt to
understand the two-way magnetic ﬂux transport in the rapidly rotating giant magnetospheres. We summarize
our ﬁndings as follows:
1. Magnetic reconnection occurring on closed ﬁeld lines mapping to a magnetic cushion region within
the magnetodisc may be a critical component of magnetic ﬂux circulation through the generation of
low-entropy ﬂux tubes in the outer magnetosphere.
2. The presented observations of frequent current sheet crossing, large B𝜃 variations, and frequent negative B𝜃
observations are inconsistent with large-scale inward plasma transport and large-scale reconnection events,
supporting the idea that plasma can be lost on small scales through a “drizzle”-like process.
3. Surprisingly, many current sheet crossings and potential reconnection sites are found in the subsolar
and dusk sector, suggesting that reconnection in this sector can play a signiﬁcant role in addition to tail
reconnection (Figures 7 and 8).
4. Our conceptual model (Figure 1) of magnetic ﬂux circulation augments the original Vasyliunas cycle, implying that much of the required reconnection occurs in a complex and patchy network of reconnection sites
that ultimately allows plasma to exit primarily on the dusk ﬂank.
5. Tail reconnection forms the infrequently observed nightside plasmoids and facilitates plasma loss on the
dawn ﬂank.
6. Reconnection potentials ∼300 kV associated with closed ﬂux circulation support the argument that the
Dungey cycle is a secondary driver of magnetospheric dynamics.
7. Comparisons of Jupiter’s and Saturn’s aurora (Figure 13) suggest that inward ﬂux transport generates auroral
emissions on closed ﬁeld lines and that the open/closed boundary is not unambiguously deﬁned by auroral
emissions (i.e., dark regions in the polar region may lie on closed ﬁeld lines).
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